Introduction
============

The periodontium is composed of four different tissues, gingiva, cementum, periodontal ligament and alveolar bone, all of which support the teeth in the oral cavity. In this context, stratified squamous epithelial cells (SSEC), fibroblasts (the main component of the gingiva), and both osteoblasts as well as osteoclasts lie in close proximity to each other within the periodontium. These cells cross talk via cytokines and chemokines and establish the functional relationship required to maintain oral homeostasis.

Electrolytically-generated acid functional water (FW) is obtained by electrolyzing low concentrations saline, and is widely used as a disinfectant in clinical practice [@B1]-[@B3]. In a previous report, FW was demonstrated to induce the expression of human β-defensin 2 (*hBD2*) in oral squamous cell carcinoma cell lines (OSCC) [@B4]. Defensins are cationic, cystein-rich peptides with molecular masses ranging from 3 to 5 kDa [@B5]. They function as antimicrobial components of the innate immune system. The induction of hBD-2 mRNA expression in response to various stimuli has been reported in several studies [@B6], [@B7]; therefore, we speculated that FW-mediated *hBD2* expression could be induced at the transcriptional level.

SSEC are absent on the surface of the oral cavity during injury as a result of which, the fibroblasts are directly exposed to the oral cavity. FW has been shown to accelerate the wound healing process in a burn wound model [@B1]. Although this effect is attributed to the disinfectant activity of FW, the underlying mechanisms involved have not been fully elucidated so far. Hence, in order to evaluate the effect of FW on fibroblasts experimentally, we used the human cervical cancer-derived fibroblastic cell line (HeLa), to examine the cytokine secretion profile following FW treatment in the present study. Augmented secretion of basic fibroblast growth factor (bFGF) and extracellular matrix metalloproteinase inducer (EMMPRIN) was detected in the cells. bFGF is a pleiotropic cytokine with a variety of functions [@B8]. It was found to be expressed in all stages of fracture repair [@B9]. EMMPRIN is a transmembrane protein and belongs to the immunoglobulin superfamily [@B10]. Although the major function of this protein involves the induction of matrix metalloproteinases (MMPs), it also contributes to various other biological responses [@B10]. In the present study, we attempted to elucidate the biological functions of FW using the widely used human fibroblastic cell line HeLa and murine osteoblastic cell line MC3T3-E1 cells and discovered the occurrence of overlapping signaling between bFGF and EMMPRIN.

Methods
=======

Reagents
--------

FW was kindly provided by Miura Densi (Akita, Japan). Recombinant bFGF and EMMPRIN were purchased from R&D systems (Tokyo, Japan). L-1-4\'-tosylamino-phenylethyl-chloromethyl ketone (TPCK) and mitogen-activated protein kinase (MEK) inhibitor U0126 were purchased from Sigma-Aldrich (Tokyo, Japan) and Promega (Tokyo, Japan), respectively.

Cell culture and FW stimulation
-------------------------------

Human HeLa cells and the mouse MC3T3-E1 cells (osteoblastic cell line) were obtained from the Health Science Research Resources Bank (Osaka, Japan) and Riken (Ibaraki, Japan), respectively. Each cell line was maintained in α-minimum essential medium (α-MEM) or Dulbecco\'s modified eagle medium (DMEM) supplemented with 10% FCS, 50 mg/ml streptomycin, and 50 U/ml penicillin (10% FCS-α-MEM or 10% FCS-DMEM). The MC3T3-E1 cells were plated on a 6-well plate (IWAKI, Tokyo, Japan) at a density of 5 × 10^4^ /well in 2 ml of 10% FCS-α-MEM. After 5 days, the medium was replaced with 2 ml of α-MEM containing 0.3% FCS. The cells were used for experiment after 48 h.

Cytokine array experiment
-------------------------

HeLa cells were plated on a 10 cm cell culture dish (Greiner, Tokyo, Japan) at a density of 1 × 10^6^ /well the day before the experiment. Following stimulation with FW for 30 sec, the cells were washed and further cultured for 6 h. The culture supernatants were collected and subjected to cytokine array experiments (R&D systems, Tokyo, Japan) according to the manufacture\'s protocol. Images were taken using ChemiDoc XRS (BioRad, Tokyo, Japan).

Real-time PCR
-------------

Total RNA was purified using the RNeasy mini kit (QIAGEN, Tokyo, Japan). Complementary DNA (cDNA) was synthesized using Superscript III reverse transcriptase (Invitrogen, San Diego, CA, USA) and subjected to real-time PCR, as described previously [@B11]. Real-time PCR was performed using the CFX96-Real-Time-System (BioRad, Tokyo, Japan) with SYBR green (TaKaRa, Tokyo, Japan). The primers used in this study are listed in Table [1](#T1){ref-type="table"}.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

HeLa cells (5 × 10^5^) were plated on a 6-well plate and stimulated with FW for 30 sec. The cells were further cultured for 1, 3 and 6 h. The culture supernatants and cell lysates (1 ml) were harvested, and concentrations of bFGF and EMMPRIN were measured using the DuoSet ELISA Development System (R&D Systems, Tokyo, Japan). For interleulkin-6 (IL-6) measurements, MC3T3-E1 cells were stimulated with one of the following: FW-stimulated HeLa cell-derived conditioned medium; recombinant human (rh) bFGF (at concentrations of 0, 0.01, 0.1, 1, 3, and 10 nM); rh EMMPRIN (0, 0.5, 1, and 2 μg/ml); or both rh bFGF and rh EMMPRIN for 1 h. IL-6 and vascular endothelial growth factor (VEGF) concentrations were measured with IL-6 and VEGF ELISA kits (R&D systems). For the inhibitor experiments, the cells were pre-treated with TPCK (1, 10, 25 μl) or MEK inhibitor U0126 (1, 10, 100 μl) for 1 h.

Western blotting
----------------

MC3T3-E1 cells were stimulated with rh bFGF, rh EMMPRIN or rh bFGF and rh EMMPRIN for 20 min. The cells were then washed twice with ice cold PBS and lysed with 100 μl of lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.5% Triton X-100). Protein concentrations were measured using the BioRad protein assay kit (BioRad), and 20 μg of total protein was subjected to 12% SDS-PAGE. Western blotting was performed as described previously [@B11]. Primary antibodies (Abs) against nuclear factor-kappa B (NF-κB) p65 subunit (× 200), phosphorylated p65 subunit (× 200) and GAPDH (× 10,000) were diluted with 1% BSA-PBST (0.1% tween-20/PBS). Anti-p38 and anti-p-p38 Abs were diluted to × 500, whereas the secondary goat anti-mouse IgG (H+L) and goat anti-rabbit IgG (H+L) Abs were diluted to × 10,000 using 1% BSA-PBST. The bands were detected using the ECL kit (GE Healthcare, Tokyo, Japan).

Statistical analysis
--------------------

The one-way ANOVA with Tukey-Kramer tests was used for all statistical analyses. Results are presented as mean ± standard deviation (SD). P values \< 0.05 were considered as statistically significant.

Results
=======

FW induced bFGF and EMMPRIN secretion
-------------------------------------

FW stimulation significantly augmented endoglin, bFGF and EMMPRIN secretion in the cells; on the other hand, PDGF-AA and VEGF were down regulated by FW (Fig. [1](#F1){ref-type="fig"}a). To confirm these results, concentrations of each factor were measured by ELISA. Culture supernatants and cell lysates of the FW-stimulated cells were collected at 1, 3 and 6 h. The concentration of bFGF reached 180 pg/ml after 1 h and was found to be maintained even at 6 h after stimulation (Fig. [2](#F2){ref-type="fig"}a). Conversely, in the cell lysates, bFGF concentrations were found to be slightly lowered, although the decrease was not statistically significant. EMMPRIN secretion increased in a time-dependent manner and reached up to 1.8 ng/ml and 4.5 ng/ml after 1 and 6 h of stimulation, respectively (Fig. [2](#F2){ref-type="fig"}b). A gradual decrease in the concentration of EMMPRIN was noted in the cell lysates, and reached statistical significance after 6 h. In contrast, apparent decrease in endoglin levels was observed in the supernatants and cell lysates (Fig. [2](#F2){ref-type="fig"}c).

Effect of bFGF and EMMPRIN on osteoblasts
-----------------------------------------

MC3T3-E1 cells were cultured with FW-stimulated or non-stimulated HeLa cell-derived conditioned medium. As bFGF is demonstrated to induce the production of IL-6 and VEGF in MC3T3-E1 cell [@B12], [@B13], we examined the production of these factors. Unexpectedly, no augmentation in the production of IL-6 or VEGF was observed in the supernatants (Fig. [3](#F3){ref-type="fig"}a). In order to rule out the possibility of the MC3T3-E1 cells being in a refractory state, they were cultured with or without recombinant bFGF or EMMPRIN. The rh bFGF and rh EMMPRIN were used for the experiments because the effectiveness of these molecules on murine cell lines have been proven [@B12]-[@B14]. As shown in Figure [3](#F3){ref-type="fig"}b, rh bFGF induced the production of both factors with peak induction observed at 3 nM for both IL-6 and VEGF (Fig. [3](#F3){ref-type="fig"}b). On the contrary, rh EMMPRIN did not induce the secretion of either of the two factors (Fig. [3](#F3){ref-type="fig"}c).

The crosstalk between bFGF and EMMPRIN
--------------------------------------

We speculated that the lack of IL-6 induction by HeLa-derived conditioned medium might be attributed to the cross talk between bFGF and EMMPRIN in their signaling pathways. To test this possibility, MC3T3-E1 cells were cultured with rh bFGF, rh EMMPRIN or a combination of both, and the concentration of IL-6 in the culture supernatants was measured. Consistent with previous results, rh bFGF, but not rh EMMPRIN, induced IL-6 secretion in the cells. However, rh bFGF failed to induce IL-6 secretion in the presence of rh EMMPRIN (Fig. [4](#F4){ref-type="fig"}a). To examine whether the inhibitory effect of rh EMMPRIN on IL-6 induction occurs at the transcriptional level, real-time PCR was performed. The cells stimulated with rh bFGF (3 nM) alone induced a 6.5-fold expression of IL-6 mRNA (Fig. [4](#F4){ref-type="fig"}b), whereas rh EMMPRIN did not exhibit any influence on IL-6 expression. On the other hand, rh bFGF-induced IL-6 mRNA expression was drastically reduced by rh EMMPRIN (Fig. [4](#F4){ref-type="fig"}b), indicating the possibility of cross talks between bFGF and EMMPRIN.

The signaling pathway
---------------------

To examine the signaling pathway downstream of bFGF, the cells were pre-treated with specific inhibitors against NF-κB (TPCK) and MEK (U0126). A major inhibitory effect was observed for TPCK at a concentration of 1 μM (Fig. [5](#F5){ref-type="fig"}a). However, the MEK inhibitor did not demonstrate any inhibitory effect on IL-6 secretion at concentrations of 1 or 10 μM (Fig. [5](#F5){ref-type="fig"}a).

These findings indicated the contribution of NF-κB on rh bFGF-induced IL-6 secretion in MC3T3-E1 cells. Therefore, based on these observations, we examined the influence of rh EMMPRIN on NF-κB signaling. The cells were stimulated with or without rh bFGF or rh EMMPRIN after which, the p65 phosphorylation status was examined by Western blotting. Phosphorylated p65 was not detected in the rh EMMPRIN-treated or control cells. On the other hand, p-p65 was clearly observed in the cells stimulated by rh bFGF. In the presence of rh EMMPRIN, however, rh bFGF-induced p-p65 was drastically reduced. As bFGF-induced IL-6 secretion is dependent on p38 phosphorylation, we examined the p38 phosphorylation status in the cells; no augmentation in p38 phosphorylation was noted irrespective of the presence of rh bFGF or rh EMMPRIN (Fig. [5](#F5){ref-type="fig"}c).

Discussion
==========

In the present study, we have shown that bFGF and EMMPRIN are released from HeLa cells in response to FW stimulation. As FW has a low pH value, the HeLa cells are expected to be damaged to some extent. A diverse set of molecules, referred to as alarmins, are released from damaged cells in response to infection or injury, and play important roles in evoking both innate and adaptive immunity [@B15]. Alarmins are composed of various factors including as defensins, cathelicidin, high mobility group box protein 1 (HMGB1), interleulkin (IL)-1α, and IL-33[@B15]. In addition, alarmins are rapidly released in response to injury, are chemotactic to antigen presenting cells, and possess immunoenhancing effects. Intriguingly, IL-1α and bFGF share certain common features: both molecules have high molecular weight (HMW) isoforms (immature IL-1α and HMW bFGF). The N-terminal regions of both isoforms contain nuclear localizing signals (NLS) that contribute to the transcriptional control of the target genes. Moreover, these molecules do not follow the classical endoplasmic reticulum (ER)-Golgi-dependent secretory machinery due to the lack of signal peptides [@B16], [@B17]. Thus, the possibility of both bFGF and EMMPRIN being novel alarmins is presently being investigated in our laboratory.

bFGF is a member of the FGF family and has pleiotropic effects on various biological reactions. bFGF contributes to the wound healing by inducing new blood vessel formation. Increased bFGF expression has been observed in glial cells during brain hypothermia [@B18]. Moreover, induced bFGF protects neuronal apoptosis [@B19] and contributes to wound healing in the brain [@B20]. In this context, bFGF released from fibroblasts might protect the surrounding tissue from the further damage or apoptosis. Accelerated wound healing observed in the burn model [@B1] might be attributed to this beneficial effect of FW. On the other hand, EMMPRIN belongs to the immunoglobulin superfamily and plays important roles in several developmental processes as well as pathological conditions [@B10]. The main function of EMMPRIN is to induce the expression of MMPs, which belong to the zinc-dependent family of endopeptidases. MMPs play an intrinsic role in extracellular matrix remodeling [@B21], which is an important step during the process of wound healing. The possible induction of MMPs in MC3T3-E1 cells by FW-induced EMMPRIN is currently under investigation.

IL-6 is an important factor for bone metabolism [@B22]. Previous reports have demonstrated bFGF-mediated IL-6 induction in MC3T3-E1 cells [@B12], [@B23]. Based on these reports, we attempted to examine the effect of bFGF on MC3T3-E1 cells. The binding of bFGF to structurally related receptors (FGFR 1-4) activates protein kinase C and phospholipase C, and culminates in p38 phosphorylation as well as IL-6 secretion [@B12]. In the present study, bFGF consistently induced IL-6 secretion in the cells; however, phosphorylation of p38 was not regularly observed. The results of Western blotting suggest the occurrence of constitutive low level p38 phosphorylation, which might have an effect on the IL-6 induction machinery. However, further studies investigating the precise mechanisms involved are merited. Nevertheless, instead of p38, bFGF-induced IL-6 secretion was drastically inhibited by NF-κB inhibitor in the present study. This observation is in line with a previous report indicating the importance of NF-κB for IL-6 induction [@B24]. As NF-κB p65 subunit is not a direct substrate of MAPK [@B24], the reason for the constitutive low-level p38 phosphorylation in this study needs to be examined in future.

The bFGF-mediated induction of IL-6 is significantly inhibited by EMMPRIN. EMMPRIN can interact with various molecules including EMMPRIN itself [@B10]. The binding of this molecule with its natural ligand cyclophilin A (CyPA) induces the activation of extracellular signal-regulated kinase (ERK; [@B25], [@B26]). In pancreatic cancer cells, CyPA promotes colocalization of EMMPRIN with CD44, and phosphorylates the signal transducer and activator of transcription 3 (STAT3; [@B27]). The inhibitory effect of EMMPRIN on bFGF-induced IL-6 secretion might be due to the cross talk between the NF-κB and STAT signaling pathways.

In the present study, we have demonstrated that bFGF-mediated IL-6 secretion was significantly inhibited by EMMPRIN. The inhibition of bFGF-induced NF-κB activation by EMMPRIN indicates the presence of cross-talk between the signaling pathways.

Conclusions
===========

The bFGF induced IL-6 secretion in MC3T3-E1 cells was inhibited by EMMPRIN through reduction of NF-κB p65 subunit phosphorylation. These findings suggest the crosstalk between bFGF and EMMPRIN in their signaling pathways.
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:   Electrolytically-generated acid functional water, HeLa: human cervical cancer-derived fibroblastic cell line, bFGF: basic fibroblast growth factor, EMMPRIN: extracellular matrix metalloproteinase inducer, IL-6: interleukin-6, VEGF: vascular endothelial growth factor, NF-κB: nuclear factor-kappa B, SSEC: stratified squamous epithelial cell, hBD2: human β-defensin 2, OSCC: oral squamous cell carcinoma cell line, MMPs: matrix metalloproteinases, MEK: mitogen-activated protein kinase, α-MEM: α-minimum essential medium, DMEM: Dulbecco\'s modified Eagle\'s medium, cDNA: complementary DNA, ELISA: enzyme-linked immunosorbent assay, rh: recombinant human, Abs: antibodies, SD: standard deviation, HMGB1: high mobility group box protein 1, IL: interleukin, HMW: high molecular weight, NLS: nuclear localizing signals, ER: endoplasmic reticulum, CyPA: cyclophilin A, ERK: extracellular signal-regulated kinase, STAT3: signal transducer and activator of transcription 3

![a) HeLa cells (1 × 10^6^) were stimulated with (lower panel) or without FW (upper panel: controls) for 30 sec. The stimulation was stopped with 10% FCS-DMEM. The cells were washed and cultured with fresh 10% FCS-DMEM for 6 h. Culture supernatants were harvested and subjected to a cytokine array experiment. b) Enlarged views of the boxed areas in (a).](ijmsv14p1173g001){#F1}

![HeLa cells were stimulated with FW and cultured for 1, 3 and 6 h. The culture supernatants (left) and cell lysates (right) were collected and subjected to ELISA. The mean of 4 separate experiments are shown. \*p\<0.05](ijmsv14p1173g002){#F2}

![a) MC3T3-E1 cells were cultured with conditioned medium derived from FW-stimulated or -unstimulated HeLa cells for 1 h and further cultured with fresh 10% FCS-αMEM for 24 h. The culture supernatants were harvested and subjected to IL-6 (left) and VEGF (right) ELISA. The MC3T3-E1 cells were cultured with b) rh bFGF at concentrations of 0, 0.01, 0.1, 1, 3 and 10 nM (IL-6, left) or 0, 1, 3 and 10 nM (VEGF, right) for 1 h. The cells were cultured with c) EMMPRIN at concentrations of 0, 0.5, 1 and 2 µg/ml (IL-6, left) or 0, 0.5, 1 and 2 µg/ml (VEGF, right) for 1 h. The medium was exchanged after 1h of stimulation, and the cells were incubated for 24 h. Culture supernatants were harvested and subjected to IL-6 ELISA. The mean of at least four independent experiments are shown. \*p\<0.05](ijmsv14p1173g003){#F3}

![a) MC3T3-E1 cells were cultured with rh bFGF, rh EMMPRIN or a combination of both for 1 h. The medium was exchanged after 1h of stimulation, and the cells were incubated for 24 h. IL-6 concentrations in the culture supernatants were measured with IL-6 ELISA. b) MC3T3-E1 cells were cultured as in a) for 20 min. The medium was exchanged after 20 min of stimulation, and cells were incubated for 3 h. Total RNA was purified, following which, complementary DNA was generated and subjected to real-time PCR. The mean of at least four different experiments are shown. \*p\<0.05](ijmsv14p1173g004){#F4}

![a) MC3T3-E1 cells were pre-incubated with 1, 10 and 25 μM of TPCK or 1, 10 and 100 μM of MEK inhibitor for 1 h. The cells were washed and further cultured with 3 nM of rh bFGF for 1 h. The medium was exchanged after 1h of stimulation, and the cells were incubated for 24 h. The culture supernatants were subjected to IL-6 ELISA. After stimulation with rh bFGF, rh EMMPRIN or the combination of both for 20 min, the cell lysates were harvested and subjected to Western blot b) phospho-p65 (upper), total p65 (middle) or GAPDH (lower); and c) phospho-p38 (upper), total p38 (middle) and GAPDH (lower). The representative of three independent experiments are shown.](ijmsv14p1173g005){#F5}

###### 

The primers used in this study.

  Target Gene                    Oligonucleotide Sequence            Genbank acc. No.
  ------------- ---------------- ----------------------------------- ------------------
  β-actin       Forward primer   5\'-GGAGCAAGTATCTTGATCTTC-3\'       NM_007393
                Reverse primer   5\'-CCTTCCTGCGCATGGAGTCCTG-3\'      
  IL-6          Forward primer   5\'-CCACTTCACAAGTCGGAGGCTTA-3\'     NM_031168.1
                Reverse primer   5\'-CCAGTTTGGTAGCATCCATCATTTC-3\'   
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